A re-analysis of water samples collected to determine the occurrence of lipophilic organochlorine chemicals, total polychlorinated biphenyls (PCBs) and polynuclear aromatic hydrocarbons (PAHs) in six tributaries to Lake Ontario in 1997 to 1998 has shown relatively high concentrations of some of those chemicals in extracts of chromic acid-digested water after the water had been extracted at neutral pH. For organochlorine chemicals and PCBs the effect was dramatic-for some tributaries the sums of concentrations of the chemicals in the acidic extracts over all sampling dates were larger than the sums of concentrations of the chemicals in the (neutral) water plus suspended solids fraction that had been determined previously. In addition, some chemicals were found in the acidic extracts that were not found in the prior extracts of (neutral) water plus suspended solids. Although some individual PAHs were found at relatively high concentrations in the acidic extracts compared to extracts of (neutral) water plus suspended solids, in general the phenomenon was not significant for total PAHs. The implication of our finding is that conventional dichloromethane extraction of neutral (filtered) water and the suspended solids phases can significantly underestimate the concentrations of some lipophilic chemicals such as chlorinated hydrocarbons and PCBs in fresh water, leading to an underestimation of their loadings to aquatic ecosystems. However, it should be noted that the biological availability of chemicals that are only extractable after rigorous extraction of the water may be doubtful.
Introduction
Dissolved organic matter (DOM) in fresh water is composed of humic material, carbohydrates and proteins (e.g., Reuter and Perdue 1977) . Various chemicals can bind to natural DOM or to isolated humic substances (e.g., Jota and Hassett 1991; Di Corcia et al. 1999; Lassen and Carlsen 1999; Chefetz et al. 2000) . This binding can affect the distribution and transport of lipophilic chemicals in surface water and ground water (e.g., Enfield et al. 1989; Rav-Acha and Rebhun 1992; Herbert et al. 1993) , and their persistence (e.g., Amador et al. 1991) , and it generally but not always reduces their biological availability and toxicity to aquatic organisms (e.g., Day 1991; Ortego and Benson 1992; Haitzer et al. 1998; Looser et al. 1998; Ramos et al. 1998) . It has also been suggested that DOM can exert a direct effect on aquatic organisms (Campbell et al. 1997) .
There is a growing body of evidence that the binding of organic chemicals to DOM in fresh water can affect their recoveries from filtered or centrifuged water by liquid-liquid or liquid-solid extraction techniques, and that chemical treatment of the DOM may release otherwise tightly bound organic chemicals (e.g., Ogner and Schnitzer 1970; Hassett and Anderson 1979; Landrum and Giesy 1981; Gjessing and Berglind 1981; Carlberg and Martinsen 1982; Johnson et al. 1991; Williams et al. 1999) . Notably, Driscoll et al. (1991) found that the extraction efficiencies of chlorinated hydrocarbons from centrifuged Niagara River water were higher with a simultaneous chromic acid oxidation/hexane extraction technique, which destroyed the DOM, than with conventional solvent extraction. In addition, Schlautman and Morgan (1993) showed that the binding of polynuclear aromatic hydrocarbons (PAHs) by Suwannee River humic material generally decreased with increasing pH (at constant ionic strength) and generally decreased with increasing ionic strength (at fixed pH), and they hypothesized that the binding of a particular PAH compound by Suwannee River humic substances depends not only on the hydrophobicity of the PAH solute but also on the size of the solute molecule and its ability to fit into hydrophobic cavities in humic and fulvic material.
Our earlier research on the Niagara River has shown that conventional liquid-liquid extraction of filtered (1-µm pore size) water samples at neutral or acidic pH sometimes underestimates concentrations of (i) polychlorinated biphenyls (PCBs) and other chlorinated hydrocarbons (Maguire and Tkacz 1989) , and (ii) n-alkanes and PAHs (Maguire et al. 1993) . Those two studies showed that significant concentrations of the analytes sought were found in dichloromethane extracts of filtered Niagara River water at pH 12 after the water had been thoroughly extracted at pH 1. In forty samples collected over a one-year period, the sums of concentrations of the analytes in the basic extracts were approximately as large as those from the acidic extracts and suspended solids extracts combined. Spike recovery experiments indicated that the phenomenon (i) did not occur in spiked distilled water, (ii) occurred in Niagara River water regardless of whether the initial extraction of filtered water was performed at acidic or neutral pH, and (iii) was not simply the result of incomplete extraction at acidic or neutral pH. It was hypothesized that the observed phenomenon was the result of the binding of lipophilic chemicals to DOM, a binding that was strong enough to resist disruption by organic solvent extraction at neutral or acidic pH, but which could be at least partially disrupted by extraction at high pH. (Zappoli et al. [1997] have also shown that the extraction of PCBs from water with dichloromethane is affected by pH and the presence of humic acid.) We have also shown that the efficiency of extraction of eight chlorinated hydrocarbons from filtered water by a conventional technique (i.e., liquid-liquid extraction without pH adjustment) was reduced with increasing DOM concentration and increasing chemical lipophilicity (Maguire et al. 1995) . Taken together, our three previous studies suggest that past estimates of total concentrations of lipophilic contaminants in fresh water, and loadings of priority pollutants from the Niagara River to Lake Ontario in particular, have been significantly underestimated. Further, it was recommended (Maguire et al. 1995 ) that for highly lipophilic chemicals that are not destroyed by chromic acid oxidation, total concentrations in filtered or centrifuged fresh water be determined by the chromic acid oxidation/hexane extraction technique of Driscoll et al. (1991) . It should be noted, however, that it is possible that the fraction of lipophilic chemical that can only be extracted by more rigorous treatment than simple solvent extraction at neutral or acidic pH might also be less bioavailable, or not bioavailable at all, to aquatic organisms.
It was of interest to extend our work to other aquatic ecosystems to determine the generality of our observations on the Niagara River. The opportunity arose to re-analyze water samples that had been collected for a joint Ontario Ministry of the Environment-Environment Canada study (Boyd and Biberhofer 1999) on the source, concentration and loading of persistent organic pollutants in six tributaries in the Canadian portion of the Lake Ontario watershed over the period July 1997 to March 1998. The tributaries were the Credit River, the Humber River, the Ganaraska River, the Trent River, Twenty Mile Creek, and Twelve Mile Creek. In that study, water samples were centrifuged, followed by conventional dichloromethane extraction of both the supernatant and the suspended solids phases, and gas chromatographic analyses for some organochlorine chemicals, total PCBs, and some PAHs. In this study, the previously extracted water samples were subjected to the combined chromic acid oxidation/hexane extraction technique of Driscoll et al. (1991) to determine the fraction of the foregoing lipophilic chemicals not found by conventional dichloromethane extraction.
Experimental Section
The chromic acid oxidation/hexane extraction technique of Driscoll et al. (1991) was followed with little modification. Three-litre samples of previously extracted water were refluxed in 5-L round bottomed flasks fitted with twelve-stage Snyder condenser columns. After phase separation, surrogate spikes were added, and extracts were fractionated on silica gel and analyzed by capillary column gas chromatography according to standard protocols of the National Laboratory for Environmental Testing (Young 1999) , in generally the same way that the extracts of the original water samples had been analyzed, with appropriate quality assurance/quality control with respect to blanks, recoveries and instrument precision. However, a newer gas chromatography method in this study (see footnote, Table 1 ) resulted in lower method detection limits (MDLs) than previously published National Laboratory for Environmental Testing MDLs. A total of 40 (previously extracted) water samples were further extracted and analyzed for total PCBs and the 30 organochlorine compounds shown in Table 1 . Eighteen of the 43 extracts were also analyzed for the 23 PAHs shown in Table 1 . Limits of quantitation (LOQ) for the various chemicals were approximately 1.6 times the level of detection (LOD) given in Table 1 . Blank values were substituted when ≥LOD. In the case of total PCBs, the average value of the blank was 6.8 ng/L; consequently, PCB concentrations in the 3-L water samples were not accepted as real unless they were ≥10 ng/L. For the original study, the PCB blank was 1.07 ng/L (RSD 119%); consequently, PCB concentrations were not accepted as real in those much larger samples (36 L) unless they were ≥2.5 ng/L. Data were not blank corrected.
Results

Organochlorine Chemicals (Except PCBs)
Organochlorine chemicals were found in most of the extracts of chromic acid-digested water in this study after the water had been extracted at neutral pH in the original study. In general, chemicals were found less frequently in the chromic acid extracts than in the previous neutral extracts of water and suspended solids, but they were sometimes found at significantly higher concentrations. Some chemicals were found in the chromic acid extracts that had not been found in the previous neutral water plus suspended solids extracts. The organochlorine chemicals most commonly found in the chromic acid extracts, sometimes at high concentrations relative to those in the water plus suspended solids extracts, were 1,4-DCB, 1,3-DCB and PECB. In addition, HCB, γ-HCH, β-endosulfan and 1,2,3,4-TTCB were found in some of the chromic acid extracts. For illustrative purposes, Table 2 shows a comparison of concentrations in the combined water plus suspended solids phases from the original study with concentrations found in the extract of chromic acid-digested water in this study for a sample collected from the Humber River on August 23, 1997. There appeared to be no seasonal or geographical pattern in the occurrence of various organochlorine chemicals in the chromic acid extracts. There was also no preponderance of highly lipophilic chemicals in such extracts as might have been expected from our previous observations (Maguire et al. 1995) . For example, 1,4-DCB, a chemical with a relatively low log octanol-water partition coefficient (log K ow ) of 3.4 (Oliver and Charlton 1984) , was found more frequently and at higher concentrations in the acid extracts a LOD for 3-L sample size. These values were obtained with a HewlettPackard 6890 gas chromatograph and are provisional. They are generally lower than National Laboratory for Environmental Testing published MDL values obtained with a Hewlett-Packard 5890 gas chromatograph. The limit of quantitation (LOQ) for each chemical is approximately 1.6 times the LOD, with the exception of total PCB as noted in the text. Boyd and Biberhofer (1999) . c This study.
than compounds with higher log K ow values. Figure 1 compares total concentrations of all chlorinated hydrocarbons over all sampling dates for each tributary, and shows the importance of the contribution of the acidic extract compared to the neutral water plus suspended solids extracts. Over all sampling dates for four of the six tributaries, total con-centrations of chlorinated hydrocarbons in the acidic extract exceeded total concentrations in the neutral water plus suspended solids extracts.
Total PCBs
Relatively high concentrations of total PCBs were also found, albeit less frequently, in some extracts of chromic acid-treated water after the water had been extracted at neutral pH in the original study. For each tributary, total PCBs in the acidic extracts were generally found only in the samples collected in the summer of 1997, and not in the fall or winter. The reason for this is not known. In addition, when total PCBs were found in the acidic extracts, their concentrations were invariably larger than in the corresponding extracts of neutral water plus suspended solids. Figure 2 compares sums of concentrations of total PCBs in the neutral water plus suspended solids extracts and the acidic extracts, over all sampling dates for each tributary. PCB contamination as determined by conventional extraction of neutral water plus suspended solids was greatest in the Humber River, followed by Twelve Mile Creek. For three of the six tributaries, concentrations of total PCBs in the acidic extracts summed over all sampling dates were greater than sums of conventionally determined total PCBs in the neutral water plus suspended solids extracts. Only total PCBs were determined, by the same procedure reported by Boyd and Biberhofer (1999) , so it is not known what individual congeners were present in the acidic extracts. Fig. 1 . Plot of the sums of concentrations of all chlorinated hydrocarbons (except PCBs) in the neutral water plus suspended solids extracts (dark shading-data of Boyd and Biberhofer 1999) and in the chromic acid extracts (white-this study) over all sampling dates for the rivers studied.
PAHs
In general, the PAHs sought were found much less frequently in acidic extracts in this study than in conventional extracts of water plus suspended solids in the original study. Some individual PAHs were occasionally found in acidic extracts at high concentrations relative to their concentrations in the combined neutral water plus suspended solids extracts. The most commonly found PAHs in acid extracts were naphthalene, 2-methylnaphthalene, fluoranthene and phenanthrene, with log Kow values of 3.2, 3.7, 4.9 and 4.3, respectively (Syracuse Research Corporation 2002). These chemicals were also generally the most commonly found PAHs in the combined neutral water plus suspended solids extracts. Despite the fact that some individual PAHs were found at relatively high concentrations in the acidic extracts, the data indicated that in general for any particular tributary over all sampling dates the sums of concentrations of all PAHs in the acidic extracts were not significant compared to the sums of concentrations of all PAHs in the combined neutral water plus suspended solids extracts (see Fig. 3 ).
Discussion
This study has shown that the chromic acid digestion/hexane extraction technique can yield large concentrations of some organochlorine Fig. 2 . Plot of the sums of concentrations of total PCBs in the neutral water plus suspended solids extracts (dark shading-data of Boyd and Biberhofer 1999) and in the chromic acid extracts (white-this study) over all sampling dates for the rivers studied.
compounds, and of total PCBs, in addition to those determined by the conventional technique of extracting the (neutral) filtered water and suspended solids phases with dichloromethane. Although we can not be sure that the extraction of the analytes in the original study of Boyd and Biberhofer (1999) was quantitative, our previous experience indicates that this finding is not likely simply due to incomplete extraction of the water at neutral pH. For example, the finding of chemicals in acidic extracts at higher concentrations than those found in prior neutral extracts argues against incomplete initial extraction, which would instead be manifested by lower concentrations in subsequent extracts. This contention is supported by results of spike recovery experiments and analysis of river water samples under a variety of extraction sequences (Maguire and Tkacz 1989; Maguire et al. 1993 Maguire et al. , 1995 .
The situation with PAHs was different. Although some of the PAHs determined in this study were found at relatively high concentrations in the acid extracts, in general the acidic extracts yielded only insignificant amounts of total PAHs compared to those determined by the conventional extraction of filtered (neutral) water plus suspended solids. That result was not unexpected in view of our earlier work (Maguire et al. 1993 ) that showed in general only low concentrations of spiked PAHs recovered in basic extracts of Niagara River water after prior extraction under either acidic or neutral conditions. Although the experimental conditions in that earlier study are not the same as the extraction sequence of neutral-thenacidic in this study, they do suggest that if there is an association between Fig. 3 . Plot of the sums of concentrations of all PAHs in the neutral water plus suspended solids extracts (dark shading-data of Boyd and Biberhofer 1999) and in the chromic acid extracts (white-this study) over all sampling dates for the rivers studied.
PAHs and DOM, it is more easily disrupted than associations between chlorinated hydrocarbons or PCBs and DOM.
There was some evidence of the influence of season in the observation that total PCBs were only found in acid extracts of water samples collected in the summer of 1997, but not in the fall or winter. Such an observation was not made for the organochlorine compounds studied. Previous work by us and others had indicated that the more highly lipophilic compounds would tend to be found in the acid extracts. However, that prediction was not borne out in this study for organochlorine compounds or PAHs. Although some highly lipophilic chemicals from each class were occasionally found in the acid extracts, in general the most commonly found organochlorine compounds and PAHs found in the acid extracts were chemicals of log K ow in the range 3.2 to 4.9. No conclusion can be drawn about the lipophilicity of the PCBs found in our acid extracts because individual congeners were not determined.
The results of this study indicate that conventional dichloromethane extraction of circumneutral filtered fresh water and the suspended solids phases can significantly underestimate the concentrations of some lipophilic chemicals. This has important implications for programs concerned with the loading of lipophilic chemicals to aquatic ecosystems, and with the determination of the sources of these chemicals, and their relative contributions. We continue to recommend for lipophilic chlorinated chemicals that are not destroyed by chromic acid oxidation, that total concentrations in filtered or centrifuged fresh water be determined by the chromic acid oxidation/hexane extraction technique of Driscoll et al. (1991) . The question of the biological availability of lipophilic chemicals that are only extractable from water after rigorous treatment like chromic acid digestion is an important issue. It is generally felt that exhaustive extraction techniques may overestimate the biological availability of contaminants in aquatic and terrestrial ecosystems (e.g., Reid et al. 2000; Hawthorne et al. 2000) . We feel that would be the case for the lipophilic chemicals released through chromic acid digestion of water samples. However, there is some evidence for the biological availability of, for example, soil-bound pesticides to earthworms and microorganisms (e.g., Gevao et al. 2001) . In addition, the observation of Di Corcia et al. (1999) that humic acid-bound phenylurea herbicides could be liberated with a chemical reducing agent such as NaBH 4 suggests that in some natural reducing environments such as anaerobic sediments there may be the potential for the release of otherwise tightly bound chemicals. The issue of the nature and the biological availability of soil-bound or DOM-bound residues of toxic chemicals in terrestrial and aquatic ecosystems requires further study.
